Abstract -This paper concerns the optimal design of hybrid linear stepper motor by evaluating the developed propulsive force for each position of the used permanet magnet. The new linear actuator is proposed for shunting the railways channels in aim to replace the currently used system which consists of a rotary actuator coupled with system for movement transformation (Rotary to Linear). Hence, three different structures with permanent magnet are analysed by finite element method in aim to evaluate the propulsive force versus the mobile displacement. The magnetic flux distribution and the force profile of each hybrid structure are presented and discussed. The analysis of different actuator structures allows the selection of the proper structure for the specific requested application.
I. INTRODUCTION
Linear Switched Reluctance Motor (LSRM) is becoming more attractive for many industrial applications requiring precise linear displacement. Indeed, the LSRM replace the rotate actuator (DC or AC) coupled with a system for movement transformation such as gear trains, belts and pulleys [1] - [4] .
The aim of this paper consists to the design of a hybrid linear stepper motor for the entertainment of the shunting railway channels system. To improve the mechanical system transmission between the currently used rotate motor and the railways pointers what improves considerably the reliability of the shunting system, the choice is oriented on the design of a LSRM [5] - [6] . Indeed, many advantages make that the linear actuators are becoming more attractive candidate for applications requiring precise linear motion.
The effect of the permanent magnet in electrical machines design domain is not neglected. Indeed, using the permanent magnet on stator or in the mobile part increases considerably the propulsive produced forces [7] . However, the choice and the disposition of the parmanet magnet in the machine structure is a difficult task and require an important knowledge base.
In these circumstances, this work proposes the analysis of a different configuration of the permanent magnet on the structure of the LSRM in aim to select the proper structure which produces the higher propulsive force. For this task, different new structures of hybrid stepper linear motor are proposed and analyzed using Finite Element Method (FEM).
The proposed study proves that the added permanent magnet in with suitable choice allows optimizing the dimensions of the actuator. Particularly, we opted to the choice of a small thickness of the mobile part which minimize the mass of the mobile and improve the position response time of the actuator.
This paper is organised as follows. In the second section the description of the proposed main structure of the double stator LSRM is presented. The 2D FEM analysis principle is presented in section III. In section IV, the proposed different structures of the hybrid LSRM are presented and analysed using FEM. The force profiles are presented and discussed. Conclusion and recapitulation are summarized in section V. Fig. 1 shows a 3 D view of the double sided LSRM with four stator modules shifted in space by a non magnetic separation in aim to impose a regular step. Indeed, the operation principle requires that translator teeth must be aligned with only the stator poles when the corresponded windings are excited. The four phases are composed by eight windings and there are located on laminated stators structure. The mobile part of the LSRM consists of a tenpole. Fig.1 shows that the mobile part is placed such as its teeth are aligned with those of the windings D and D', in this position the phases D and D' are excited. If phases A and A' were excited, then the movement of the mobile part would be towards the right hand side direction. Otherwise, if phases C and C' were excited, the movement of the mobile part would be towards the left direction [8] . 
II. DESCRIPTION OF THE LINEAR SRM

III. 2D FINITE ELEMENT ANALYSIS PRINCIPLE
In LSRM, the force is developed when the magnetic circuit tends to adopt the configuration of minimum reluctance respectively the maximum permeance. The mobile part moves in line with the stator pole thus maximizing the inductance of the excited phase. The magnetic behavior of the LSRM is highly non-linear, particularly; the produced force is highly dependent on both the phase excitation current and the mobile part position. In LSRM, the flux depends of the position of the mobile part and the excitation current, which consists a complex problem for accurately characterizing the magnetic behavior of the actuator and precisely when the mobile part and the stator pole overlap just begin. The origin of the complex problems is due to the nonlinearity of B-H curve of the steel used in construction of magnetic circuit and the mobile part. In order to produce the maximum force, the LSRM operates in region of saturation of B-H curves; the induction is approximately chosen to 2T when the teeth of the mobile part are placed in intermediate position with the teeth of excited phase.
In aim to calculate the propulsion force, a 2-D finite elements analysis was carried out. The 3D finite elements analysis required an important time for the problem resolution, for this reason the analysis are limited on the use of 2D FEM. Hence, the computation domain is represented by a cross section of the actuator. The FEM uses the principle of virtual work in aim to calculate the force. The force on the translator in the direction of the displacement x, is given by:
Where W(x,i) is the magnetic coenergy of the system, given by the following relationship:
Where B and H are respectively the magnetic flux density and the magnetic field. In aim to obtain the magnetic flux density, the following differential equation is solved in 2-D FEM:
Where z A is the magnetic vector potential, μ is the magnetic reluctivity and z J is the current vector density.
The quality of the FEM results depends on the density of elements inside the global mesh. In order to obtain reliable forces measurements, we used a satisfactory mesh, with higher density of elements inside the air gap region where the most part of the magnetic energy is located. The global discretization of the 2D computation domain is presented in Fig. 3 . The developed propulsive force of the LSRM, presented in the next section, is considered sufficient. However, higher force LSRM is characterized by a great thickness of the mobile part which causes excessive mass of the actuator. A linear motor with smaller thickness is needed. In the next section, three different structures with permanent magnet are proposed and analysed using FEM. The force profile of each hybrid structure is presented and compared with the one of the LSRM. 
IV. HYBRID LINEAR ACTUATOR DESIGN
The aim of hybrid linear actuator design is to obtain the best performances on specific power and propulsive force. For this task, we have opted to the insert permanet magnets in different positions in the stator part. The evaluation of the magnetic flux distribution and the propulsive force are taken using FEM. In the three hybrid structure, we have used the same permanent magnet, NdFe35, characterized by the following parameters: The developed forces of the LSRM and the hybrid Linear motor are presented in Fig. 7 . The results confirm the analysis of the flux lines distribution. Indeed, in the unaligned and aligned position, the forces are equal. However, in the intermediate position the force of the LSRM is higher than the force of the hybrid motor. This result is due to the force developed by the permanet magnet inserted between the modules B, C and D. Moreover, these permanet magnets develop a braking force. The presented result shows the hybrid structure does not improve the LSRM characteristics, particularly the propulsive force. Hence, in aim to improve the force, this proposed structure, with parmanet magnet inserted between the stator modules, is rejected and must not chosen in next studies in aim to design a hybrid linear actuator. 
IV.2. Magnets inserted in the stator modules
The proposed second structure is shown in Fig. 8 . This structure is characterized by a permanet magnets inserted in the stator modules. Fig.9 shows the flux lines distribution when only the phase A is excited. The mobile part keeps an intermediate position. In this position, the flux lines generated by the stator modules C and D developed a braking force. Indeed, when the module A allows the displacement to right, the module C generates a force allowing the displacement in opposite direction. Hence the preliminary results of the flux lines distribution proves the inutility of the proposed structure 2 with permanet magnet inserted in the stator modules. These results are confirmed by the force curve presented in Fig.10 . IV.3. Magnets inserted in the stator slots In aim to improve the LSRM characteristics by adding permanet magnets in the stator structure, the proposed solution consists to increasing the slot depth and inserting the permanet magnets in the stator slots. A cross section of the proposed structure is presented in Fig. 11 . The flux generated with the permanet magnet inserted in the stator slots, is presented in Fig.12 .a. The flux lines pass through only each stator module where the permanet magnet is inserted. Hence, the permanet magnet does not generate any force on the mobile part. When the phase A is excited, the permanet magnet inserted on the slot of module A generates a flux lines reinforcing the flux generated by the phase A, Fig. 12 .b. The advantage of this structure is the absence of a braking force applied to the mobile part. Consequently this structure is more attractive than the structure 1 and structure 2. The propulsive force of the hybrid actuator, presented in Fig.13 , confirms the efficiency of the proposed hybrid structure. Indeed, the inserted magnets allow increasing the propulsive force of the LSRM. The result presented in Fig.14 shows the generated forces by the four phases of the hybrid motor. In this case, we have decreasing the thickness of the motor to 20cm. The symmetry between the forces proves the neglecting of the longitudinal end effects known in linear motor. The research results present the effect of the added permanent magnets in LSRM structure. In this paper, three different structures of hybrid linear motor are proposed and analyzed using FEM. The propulsive developed force of each actuator is evaluated and compared with the one developed by LSRM. The obtained results prove the necessity of a good choice of permanent magnet position. Indeed, using structures 1 and 2 decreases the generated force. However, the structure 3, with permanet magnet inserted in stator slots increases the propulsive force. An important effect when using structure 3 consists to neglecting longitudinal end effects known in linear electrical machines.
